Aims A century of atmospheric deposition of sulfur and nitrogen has acidified soils and undermined the health and recruitment of foundational tree species in the northeastern US. However, effects of acidic deposition on the forest understory plant communities of this region are poorly documented. We investigated how forest understory plant species composition and richness varied across gradients of acidic deposition and soil acidity in the Adirondack Mountains of New York State. Methods We surveyed understory vegetation and soils in hardwood forests on 20 small watersheds and built models of community composition and richness as functions of soil chemistry, nitrogen and sulfur deposition, and other environmental variables.
Introduction
Biodiversity supports beneficial ecosystem functions such as productivity, resilience, and stability, while also supporting a range of related ecosystem services (Dovciak and Halpern 2010; Cardinale et al. 2012) . Wet and dry atmospheric deposition of sulfur (S) and nitrogen (N) (often referred to as Bacidic deposition^), results from the combustion of fossil fuels and agricultural emissions of N, and is a pervasive aspect of the global environmental changes that threaten vascular plant biodiversity (Schlesinger 1997; Vitousek et al. 1997; Bobbink et al. 2010) . Atmospheric N and S deposition has led to increased soil acidity (primarily through inputs of H ) and to enrichment of ecosystems with N, an important plant nutrient (Bobbink et al. 2010; Greaver et al. 2012) . Acidification leaches other plant nutrients such as calcium (Ca) and magnesium (Mg) from the soil, and it mobilizes toxic aluminum (Al) (Lawrence et al. 1995; Church 1997; Driscoll et al. 2001) . Plant diversity often declines with decreasing soil pH, (Pausas and Austin 2001; Schuster and Diekmann 2003) , but nutrient (N) enrichment by atmospheric deposition can counteract diversity loss due to acidification (Simkin et al. 2016) ; consequently, further investigations are necessary along well-defined atmospheric deposition gradients (cf., McDonough and Watmough 2015) .
Although acidic deposition in the northeastern US has declined over time as a result of air pollution control legislation (Driscoll et al. 2001; Wason et al. 2017) regional soils have shown only limited recovery as their base cations remain depleted and Al remains mobile (Lawrence et al. 2015a ). The effects of historical acidic deposition were greatest in regions with areas of basepoor bedrock and till such as the Adirondack Mountains (Driscoll et al. 2001) where forest soil acidification and losses of Ca and other base cations have been well documented (Johnson et al. 2008; Warby et al. 2009 ). Acidic deposition has been implicated in declines of tree species such as red spruce (Picea rubens) (Shortle and Smith 1988; DeHayes et al. 1999 ) and sugar maple (Acer saccharum) (Sullivan et al. 2013b ) throughout the Northeast and in the Adirondacks in particular. In contrast, the relationship between acidic deposition and forest understory plant diversity and composition -in this region and in general -is poorly understood. Yet understory plants represent the majority of plant species in temperate forests and contribute disproportionately (relative to their biomass) to net primary productivity, ecosystem nutrient cycling, food web structure, species interactions, and biodiversity (Gilliam 2007 (Gilliam , 2014 .
Although relations between acidic deposition and forest understory communities have been studied at regional (Beier et al. 2012 ) and continental (Simkin et al. 2016) scales in the US, results were often inconsistent. Some studies suggested that invasive species can become more abundant (Huebner et al. 2014 ) and native understory composition altered (Horsley et al. 2008 ) along soil nutrient and acidity gradients in the eastern US. Others found limited effects of N additions on understory vegetation and suggested that this may be due to already high historical N deposition levels in eastern forests (Hurd et al. 1998; . Recent results from a longterm N addition experiment showed that species diversity and evenness responded negatively to increasing N (Gilliam et al. 2016) . One study of northeastern forest understories found a negative relationship between species richness and N deposition, but this was conditional on soil pH and plant community type (S deposition was not considered) (Simkin et al. 2016) .
Understory plants have species-specific responses to soil nutrient supply, soil acidity, moisture, and light availability (Frelich et al. 2003; Horsley et al. 2008; Bartels and Chen 2010) . Interactions with these additional resources may mask the relative importance of soil drivers in affecting plant distributions (Hardtle et al. 2003; Simkin et al. 2016) . For example, declining overstory tree health in response to acidic deposition (Shortle and Smith 1988; Sullivan et al. 2013b ) may lead to a more open canopy and cause an increase in understory light and species richness (Pausas and Austin 2001) despite the potential negative effects of high levels of N or soil acidity. Moreover, small to moderate N additions can increase plant N uptake and increase species richness (Simkin et al. 2016) , but larger N additions may decrease foliar concentrations of other nutrients and thus cause nutritional imbalance and stress (e.g., Ca, Mg) (Hurd et al. 1998; Bobbink et al. 2010) while favoring nitrophilic species at the expense of overall plant diversity Bobbink et al. 2010; Gilliam et al. 2016) . Thus, evaluating the effects of atmospheric deposition and soil acidification on plant communities requires consideration of the primary drivers of species composition and richness such as light, moisture, and plant nutrients.
The goal of this study was to evaluate how large spatial gradients in acidic deposition, soil acidity, and nutrient availability relate to understory community composition and species richness while accounting for moisture and light availability. The study was centered in the Adirondack Park, New York, a large (approximately 24,000 km 2 ) protected area where historically high rates of acidic deposition have contributed to substantial soil acidification (Johnson et al. 2008; Warby et al. 2009 ). Deposition levels exhibit a general decreasing gradient from west to east across the park (Ollinger et al. 1993; Ito et al. 2002; Sullivan et al. 2013b ) that coincides with a gradient in the natural acid-buffering capacity of soil which tends to decrease from east to west (Beier et al. 2012; Sullivan et al. 2013b) . As a result of these two factors, the impact of acidic deposition on soil acidity is likely to decrease from west to east in the park (Sullivan et al. 2013b ). We surveyed 20 watersheds distributed throughout the Adirondack Park that had been studied previously to capture these gradients in acidic atmospheric deposition and associated soil acidification (Sullivan et al. 2013b; Bishop et al. 2015; Lawrence et al. 2017a) . We hypothesized that, along this spatial gradient, (H1) high soil acidity and low base saturation would be associated with low understory plant species richness and community composition reflecting species tolerant of acidic soils, and (H2) acidic deposition and soil acidbase status would have stronger relationships to understory plant composition and richness at regional scales than environmental factors such as light and moisture.
Methods
Study area This study was conducted on 20 small watersheds (each <100 ha) within or near the boundary of the Adirondack Park in northern New York State which has experienced acidic deposition levels that have contributed to a general west to east gradient of relatively high to low soil acidity ( Fig. 1 ; Sullivan et al. 2013b ). This northern temperate forest is typified by rugged topography underlain by granitic gneisses and metasedimentary rock with widely varying mineralogy (Baker et al. 1990 ). Glacial scouring of this rock has left soils underlain predominantly by parent materials of coarse granitic till. Consequently, soils are commonly naturally acidic and low in base cations, a condition exacerbated by acidic atmospheric deposition (Baker et al. 1990 ). Soil pH and exchangeable base cations have been slow to recover from anthropogenic acidification (Lawrence et al. 2015a) . Study watersheds contain northern hardwood forest dominated by American beech (Fagus grandifolia), sugar maple (Acer saccharum), and yellow birch (Betula alleghaniensis).
Maple-beech-birch forests of the northeastern US are associated with mean daily minimum temperatures in January between −15.5 and − 7.7°C, mean daily maximum temperatures in July between 23.3 and 26.6°C, and mean annual precipitation ranging from 101.6 to 121.9 cm (McNab et al. 2007 ). Mean annual snowfall for this forest type is 182.9 cm with mean snow cover duration of 87 days; the mean annual growing season is between 120 and 150 days (McNab et al. 2007 ).
Site selection We returned to 20 small watersheds ( Fig. 1 ) surveyed in 2009 for overstory composition, growth, tree recruitment, and soil chemistry (Sullivan et al. 2013b; Lawrence et al. 2017a ). Fifteen of these watersheds were originally selected from a population of 200 watersheds sampled during the Western Adirondack Stream Survey (WASS). All 200 watersheds were ranked by the base cation availability of streamwater measured during WASS and stratified into 20 bins according to these rankings. After excluding those with evidence of logging within the last~40 years or without a sufficient overstory component of A. saccharum, a random selection of one watershed from each bin yielded fifteen watersheds (Lawrence et al. 2008; Sullivan et al. 2013b) . Since most of the selected watersheds contained streams that had undergone acidification, five additional watersheds (in the northeast of the region) were selected to augment the gradient of Ca availability (Sullivan et al. 2013b ). In 2009, two or three 20 × 50 m plots were established within each watershed -50 plots in total -to represent vegetation and topography typical of each watershed while including at least three large canopy sugar maples (dbh of ≥ 35 cm) within each plot (Sullivan et al. 2013b ).
Vegetation sampling During summer 2015, we characterized forest understory vegetation in all 50 plots within the 20 study watersheds. Within each 20 × 50 m plot we established 15 subplots (1 × 1 m) on a 5 × 5 m grid. Subplots were marked and surveyed twice (during May-June and again during July-August) to account for variable species phenology. On each subplot, we identified to species all vascular plants < 1.5 m tall following Gleason and Cronquist (1991) and Holmgren (1998) using updated species nomenclature from the U.S. Department of Agriculture (USDA) Natural Resources Conservation Service (2016). For each species identified within subplots, we visually estimated percent cover of stems and foliage overlapping the subplot up to a height of 1.5 m, following Daubenmire (1959) . We also conducted a single search of the plot area outside of subplots to count all less common species in order to improve our estimates of understory species richness per plot and watershed.
Soil sampling and analyses Soil sampling was carried out in 2009 by the U.S. Geological Survey (USGS), USDA Forest Service, and E&S Environmental Chemistry, with soil chemical analyses conducted by the USGS New York Water Science Center (see Sullivan et al. 2013a, b) for details). Mineral soils were sampled at one soil pit per plot, while organic soils were sampled with five 10 × 10 cm pin blocks. All soil data are available in Lawrence et al. (2017b) . Statistical analyses were performed using soil data from the O a horizon, as it occurred in nearly all plots and represented an important part of the rooting zone in these forests. In addition, the percent base saturation (BS, calculated from the sum of exchangeable base cations divided by the effective cation exchange capacity) and exchangeable bases (Ca and Mg) in the upper B horizon were also considered (see Statistical Methods) because of their importance in predicting A. saccharum recruitment (Sullivan et al. 2013b) and their utility in modeling critical deposition loads (Sullivan et al. 2011) .
Acidic deposition loads Estimates of total atmospheric deposition were derived for both S and N (S-DEP and N-DEP, respectively Table 1) using the Total Deposition Project (TDEP; 4 km resolution) spatial model reported by Schwede and Lear (2014) and averaged over four differing time periods (see below). TDEP estimates of S and N deposition are based primarily on a combination of National Atmospheric Deposition Program (NADP) measurements of wet and dry deposition and Community Multiscale Air Quality (CMAQ) model output. We used four time frames to account for declining deposition levels relative to the dates of our soil and vegetation sampling. The first period (2006 to represented a more distinct pattern of deposition over the study region characteristic of the gradient of greater deposition levels documented in the preceding decade, with deposition increasing from the northeastern corner of the Adirondacks to the southwest (Ollinger et al. 1993; Ito et al. 2002) . We used ArcGIS (Esri 2018) to produce a map illustrating the spatial relationship of this pattern of deposition levels relative to our plot locations ( Fig. 1 ). Spatial patterns of soil acidification that might have resulted from acidic deposition in our study area may have been most closely related to the 2000-2002 pattern of higher deposition than to more recent periods of lower deposition (out of the four study periods). Temporal lags of such effects on vegetation are not known.
Moisture and light indices Compound Topographic and
Integrated Moisture indices (CTI and IMI, Table 1 ) were derived using a digital elevation model for New York State (10 m resolution) (USGS and NYS DEC 2015) following Gessler et al. (1995) and Iverson et al. (1997) , respectively. The CTI is calculated by dividing the upslope (moisture contributing) area for a given point by the local slope. Higher values of CTI indicate a higher likelihood of becoming saturated with moisture (Gessler et al. 1995) . The IMI also accounts for the upslope area and uses Bhillshade^analysis to incorporate the extent of solar radiation in addition to local geographic curvature to account for their impact on soil moisture (Iverson et al. 1997) .
We approximated the stand light environment by estimating canopy openness (CO-D, Table 1 ) on each plot with a convex spherical densiometer (two measurements per subplot) (Lemmon 1956 ). Three additional indices of plot light environment were adopted from the previous study (Sullivan et al. 2013b ): (i) total annual solar radiation at ground surface (SolRad , Table 1 ) calculated using digital elevation models while correcting for forest canopy cover, (ii) canopy cover estimated from spectral analysis of photographs taken at each plot (CC-ES, Table 1 ), and (iii) canopy Box-Cox, −0.5 cover calculated for each plot using the USGS National Gap Analysis Program (CC-GAP, Table 1 ) (see Sullivan et al. 2013a, b) for details).
Statistical methods
Analyses of community composition Changes in community composition relative to environmental factors were analyzed using non-metric multidimensional scaling (NMS) in PC-ORD v. 6.19 (McCune and Mefford 2011) . We characterized understory species composition in each watershed using a primary matrix representing individual species frequencies calculated as the number of 1 × 1 m subplots in which a species occurred during either survey period divided by the total number of subplots in the watershed (i.e., 30 or 45, corresponding to the number of plots per watershed). Species that occurred in two or fewer watersheds were excluded from the primary matrix to reduce the effects of rare species on the analysis (Peck 2010; McCune and Mefford 2011) . This analysis captured compositional differences among watersheds based on the frequency of forest understory forbs, ferns, and woody species (< 1.5 m tall); graminoids were not included due to their general rarity (mean subplot cover of only 0.4%, compared to 26% cover of all vascular plants) and because most graminoids occurred without flowers or fruit, making them difficult to identify to species. Following Peck (2010) NMS was run three times on autopilot (set to slow and thorough) using Sorensen distances. Scree and stress plots suggested that a 2-dimensional solution was appropriate and NMS was then run three more times manually for two dimensions. We inspected the distribution of watersheds in the ordination space for each of the three runs to confirm solution consistency and selected the final solution using a Mantel Test (which confirmed 99.9% redundancy between the selected and all other manual runs). Environmental variables collected on each plot were averaged to the watershed level and included in a secondary environmental matrix (Table 1) ; the correlations between the environmental variables and the NMS axes were calculated and plotted in the ordination space as vectors to characterize how environmental gradients across the watersheds related to differences in species composition.
Species richness models We used simple and multiple ordinary least squares (OLS) regression to analyze how species richness varied with a large number of environmental variables that included soil characteristics, understory light environment, overstory species composition, topography, and acidic deposition loads (Table 1 ). The regression analyses were run at the watershed level by averaging environmental variables and calculating total species richness for each of the 20 watersheds. To limit spurious results given the large variable set, the multiple regression analysis was run on the most relevant variables-those that were closely correlated with at least one of the NMS axes (r ≥ ±0.40 for soil variables from the O a horizon, and r ≥ ±0.20 for other variables) ( Table 2) . Exchangeable Ca and Mg levels in the Oa horizon were highly correlated (r = 0.83, p < 0.0001), had nearly identical effects on richness in multivariate regression models, and thus were combined into a single variable (CaMg). The soil measurements total N, total carbon (C), and loss on ignition (LOI) ( Table 1) were all identified as important predictors of richness; we replaced them with a single variable, total % soil C-to-N ratio (C:N) for multiple OLS regression. Basal area of A. saccharum and F. grandifolia were also included as predictors to represent components of overstory composition that might influence soil C:N while responding to beech bark disease and soil acidity gradients Lovett and Mitchell 2004; Lawrence et al. 2017a) .
Model evaluation was carried out using R software and the car, leaps, and AICcmodavg packages (Lumley 2009; Fox and Weisberg 2011; Mazerolle 2016; R Development Core Team 2016) . Spearman correlations among variables were calculated using the SAS University Edition (SAS Institute Inc. 2015). Variables were assessed for normality using scatterplot matrices and the Shapiro-Wilk test (non-normal at p < 0.01). The symbox function was used to evaluate potential Box-Cox scaled power transformations for each variable and bcpower function to transform the variables as appropriate (see Table 1 for the specific transformations).
To avoid model overfitting given our sample size of 20 watersheds, we followed the recommendation to limit predictors to between n/10 and n/20 (where n is the sample size) (Harrell 2015) . Thus, the final models were limited to one or two predictor variable combinations that were selected as follows. First, we constructed four models from the same set of 16 potential predictors (Table 1) by adding a different pair of deposition (N and S) variables in each model (i.e., each of these four models used a different time period for N-DEP and S-DEP from the four periods available; Table 1). Then, we used the regsubsets function in R to search (set to exhaustive) for the five best (nbest = 5) two-or one-predictor candidate models (nvmax = 2) reduced from each of the four original models in two selection runs. One run ranked candidate models by Schwarz's Information Criterion (BIC), a measure of model parsimony similar to Akaike's Information Criterion (AIC), and another by adjusted-R 2 (Schwarz 1978; Shurin et al. 2010; Purse et al. 2012; Horrigue et al. 2016) . The top three candidate models from each run were then ranked using AIC adjusted for small sample size (AICc) to determine the best final models (Purse et al. 2012) .
The final candidate models were assessed for c o l l i n e a r i t y u s i n g t h e V I F f u n c t i o n , heteroscedasticity using the functions ncvTest and residualPlots, outliers using the functions outlierTest, influenceIndexPlot, and qqPlot, model fit using the function marginalModelPlot, and the effects of individual predictors on species richness using the function avPlots (Fox and Weisberg 2011) . Results of diagnostic tests showed acceptable levels of collinearity based on variance inflation factors (VIF < 2.22), and heteroscedasticity based on a plot of Pearson's residuals against fitted values and a negative Breusch-Pagan test (Fox and Weisberg 2011) .
Finally, we compared the effects of individual soil predictors (measured in the O a horizon) identified in the best richness models with the effects of the same soil variables measured in the upper B horizon using simple regressions to verify if the use of a particular soil horizon might have affected our results and inferences. In addition, we regressed richness specifically against BS (in the Oa and upper B horizons) because BS was highly correlated to some of the best predictors and has been identified as an important predictor of vegetative responses to soil acidification (Sullivan et al. 2013b ). (Fig. 2) . NMS axis 1 represented 63.3% of variation in species composition along a gradient of soil buffering capacity, acidity, and acidic atmospheric deposition: NMS axis 1 was strongly and positively correlated with pH, BS and plant nutrient cations (e.g., Mg, r = 0.945), and negatively with acidic deposition (e.g., N-DEP01, r = −0.651) and variables indicative of soil acidity and potentially of soil acidification (e.g., exchangeable Al, r = −0.474) (Fig. 2 , Table 2 ). NMS axis 2 represented 27.8% of the variation in species composition along gradients of soil organic matter (C, LOI), canopy cover (CC-ES), and elevationvariables negatively correlated with axis 2 (e.g., C, r = −0.626) (Fig. 2 , Table 2 ). The ordination also described a gradient in species richness that corresponded with the gradient in acidic deposition, soil acidity, and nutrient availability represented by axis 1 (Fig. 2) . Richness was positively correlated with axis 1 (r = 0.600) and was positively associated with soil pH and base cation availability and negatively associated with acidic deposition and soil acidity (Fig. 2, Table 2 ). Eight species were strongly positively correlated with axis 1 (r ≥ 0.4) as they were more common on watersheds with higher pH and exchangeable base cations. Only four species were negatively correlated with this axis (r ≤ −0.4) as they were more common on watersheds exposed to higher acidic deposition loads and with higher soil acidity (Table 3, Fig. 3 ). Nine species were positively correlated with axis 2 (r ≥ 0.4), while three species were negatively correlated with it (r ≤ −0.4), reflecting species negative or positive associations with higher canopy cover, soil organic matter, and elevation (Table 3 , Fig. 3 ).
Environmental drivers of species richness Species richness across watersheds was predicted best by a twovariable model (adjusted-R 2 = 0.60, p-value < 0.001) with positive effects of pH and C:N ratio (Table 4 , Fig. 4 ). The next three alternative models for predicting species richness were equivalent to the first model statistically (ΔAICc < 2; Table 4 ) and in part ecologically. Although C:N was dropped from these models, either (Table 2 ). See Table 1 for abbreviations and units for the environmental variables (vectors) pH or CaMg was retained as a statistically significant predictor of richness (at α = 0.05; with model adjusted-R 2 ranging from 0.52 to 0.58 and model p-values < 0.001). Soil Ca, pH, and Mg were all highly correlated (Spearman r > 0.838) and these variables were the most prominent and statistically significant predictors across all potentially equivalent alternative models (ΔAICc < 4) ( Table 4 ). The dramatic positive effects of bases (BS, exchangeable Ca and Mg) on species richness were similar in both soil horizons (Fig. 5) . Interestingly, Mg and Ca in the Oa horizon were equally closely related to richness, but Mg was less closely linked to richness than Ca in the upper B horizon (Fig. 5) .
While the best models of species richness included strong effects of pH or base cations, all of these soil variables described a composite soil and acidic deposition gradient (cf., axis 1, Fig. 2) where the individual soil and deposition variables co-varied with each other as expected. For example, pH, Mg, Ca, potassium (K), and BS had generally strong positive Spearman correlations with each other and with species richness (r = 0.44 to 0.93, p < 0.05). Exchangeable H and acidity were positively correlated with each other (r = 0.87, p < 0.0001), but they were negatively correlated with pH, Mg, Ca, BS in the Oa horizon, and with species richness (r = −0.85 to −0.53, p < 0.05). Exchangeable Al was positively correlated with exchangeable acidity (r = 0.65, p < 0.01) and negatively with species richness, BS, Ca, and Mg (r = −0.48 to −0.70, p < 0.05). Acidic atmospheric deposition (both N-DEP07 and S-DEP07) had strong positive correlations with exchangeable acidity and H (r = 0.66 to 0.73, p < 0.01) and strong negative correlations with Ca, Mg, pH, and BS (r = −0.60 to −0.83, p ≤ 0.01). Both N-DEP07 and S-DEP07 were negatively correlated with species richness (r = −0.64 and −0.51 respectively, p ≤ 0.05). The relationships among soil and deposition variables and richness (Table 5) were corroborated by the NMS analysis and regressions across both soil horizons (Table 2, Figs. 2 and 5).
Discussion
Our results provide evidence that the strong gradients in soil pH and base cation availability across Adirondack hardwood forests shape understory plant community composition and richness (Fig. 2) . The gradient in soil acidity that we documented across our study watersheds coincides with strong and well-documented atmospheric deposition gradients of S and N (Ollinger et al. 1993; Ito et al. 2002; Sullivan et al. 2013b ) that likely enhanced any natural soil acidity gradients by depleting bases in poorly buffered soils (cf., Warby et al. 2009 ). Up to 30% of Ca lost from forest soils in the Adirondacks between 1984 and 2004 was attributed to leaching by SO 4 2− deposition (Johnson et al. 2008) . A study of soil acidification across 54 sites in the Adirondacks found a 78% decrease in mean Ca Table 3 Pearson correlations between understory species and the two NMS ordination axes from 20 studied watersheds (Fig. 3 Coincidentally, our spatial gradient in soil characteristics represents a 78% difference between the means of the five highest and five lowest watershed Ca concentrations (cf., Table 5 ). In addition to Ca, soil acidification in the northeastern US has decreased soil pH and other exchangeable base cations like Mg, while mobilizing Al (Lawrence et al. 1995; Driscoll et al. 2001; Warby et al. 2009 ). Consequently, soil-chemical variables (e.g., reduced pH or base cation availability) are likely to be better predictors of long-term acidic deposition impacts on forest understory plant communities than the deposition variables themselves since soils acidify over time in response to cumulative acidic deposition inputs (van Dobben and de Vries 2010) and changes in the chemistry of regional soils have persisted even as acidic deposition has declined (Lawrence et al. 2015a) .
Although soils across our study area have been acidified (Johnson et al. 2008; Warby et al. 2009 ), we found no evidence that N deposition led to N accumulation in Fig. 3 Effects of understory species distributions on the ordination described in Fig. 2 . Centroids (filled triangles) describe average species scores on the two NMS axes relative to watershed scores (filled circles). Species most correlated with at least one of the axes (r ≥ ±0.4) (R 2 ≥ 0.20) are labeled with species codes (see Table 3 ) Table 4 The top models (ΔAIC c < 4) of species richness across the 20 studied watersheds the O a soil horizon (Driscoll et al. 2001 ). We observed a negative relationship between total % soil N and N deposition (cf., Fig. 2 ), likely due to the complex nature of the effects of acidic deposition on vegetation and nitrogen cycling. For example, acidic deposition can cause reduced recruitment and health of overstory trees (Sullivan et al. 2013b) , and particularly so for A. saccharum; this may cause increasing soil C:N ratios (Lovett and Mitchell 2004) . Additional analyses (not reported here) suggested that variation in C:N across our sites was influenced by both soil pH and overstory composition -each known to be sensitive to acidic deposition (Lawrence et al. 2017a) . While overstory species composition can influence forest floor C:N ratios, N mineralization, and leaching (Lovett and Mitchell 2004; , declines in overstory growth (Bishop et al. 2015) and understory vegetation (Hurd et al. 1998; Simkin et al. 2016) may reduce biological N uptake and result in greater N losses by leaching. Understory community composition in our study varied with base cation availability, soil pH, and acidic deposition, findings consistent with previous work showing a positive relationship between BS and tree seedling recruitment for A. saccharum (Sullivan et al. 2013b) . We also observed that seedlings of other tree species, Ostrya virginiana and Fraxinus americana, were positively associated with pH and base cation availability (Fig. 3, Table 3 ), while tree seedlings for Acer rubrum and Acer pensylvanicum were associated with acidified soils. Importantly, we observed a close coupling of soil exchangeable Ca, Mg, and soil pH conditions with herbaceous community composition, corroborating and adding new information to other studies in northern hardwood forests (Horsley et al. 2008; McDonough and Watmough 2015) . Specifically, we found that four herbaceous species were positively associated with pH and base cation availability (Arisaema triphyllum, Tiarella cordifolia, Polygonatum pubescens, and Polystichum acrostichoides; Fig. 3, Table 3 ) (cf., Horsley et al. 2008; Lawrence et al. 2015b ) while two herbaceous species (Dennstaedtia punctilobula and Dryopteris intermedia) were associated with acidic soils (cf., Lawrence et al. 2015b; Gilliam et al. 2016) ). In other studies, D. punctilobula and Rubus allegheniensis were found to respond positively to both experimental N addition (Gilliam et al. 2016) , and to increased canopy openness (Hill and Silander 2001; Gilliam et al. 2016) , which may arise from the decline of A. saccharum triggered by acidic deposition (Sullivan et al. 2013b; Lawrence et al. 2017a) . Indeed, each of these species was positively associated with light availability in our study (Fig. 3, Table 3 ).
The documented variation in forest understory composition and decreasing species richness along a spatial gradient in acidic deposition and soil Fig. 4 The best multiple regression model for predicting species richness, displayed as added variable plots, showing the effects of each predictor when the second is held constant. Table 4 provides model coefficients and p-values Table 1 for variable transformations chemistry is a trend rarely documented in the northern hardwood forests of North America. Previous work in the Adirondacks found no relationship between understory richness and a gradient of soil Ca, probably as a result of a smaller sample size (Beier et al. 2012) . A study in sugar maple-dominated forests in southeast Ontario, Canada, found that herbaceous species richness was closely related to gradients in both climate and pH. The authors suggested that studies which isolate acidic deposition gradients from other environmental gradients (such as climate) may be needed to discern the effects of acidic deposition on forest herbaceous plant communities (McDonough and Watmough 2015) . Furthermore, in large continental-scale studies that include multiple plant community types, the more subtle relationship between understory plant richness and acidic deposition or soil acidification variables may be masked or diluted by the broad environmental gradients (e.g., climate, soil characteristics, or overstory composition) captured (van Dobben and de Vries 2010). The dominant gradients captured in our study were those of acidic deposition, soil acidity, and base cation availability.
We limited natural variation in plant community composition by establishing plots in northern hardwood forest with overstories dominated by A. saccharum (cf., Table 5 ). Previous investigations of these watersheds have documented a near absence of regeneration by this species in forest understories on base-poor plots (cf., Sullivan et al. 2013b; Lawrence et al. 2017a ). This mismatch between the abundance of A. saccharum in the overstory and its lack of regeneration in the understory on acidic soils suggests that these soils must have been acidified in the time since those mature trees became established. Such acidification would explain a resulting decline in A. saccharum seedlings on currently acidic plots (Sullivan et al. 2013b) . Understory species requiring high soil base cation content would likely also have declined (cf., Horsley et al. 2008) .
Not only did we find that soil pH and base cation availability (Ca, Mg) were equally strong predictors of species richness, they were also significantly stronger predictors than any other variable (cf., Table 1 ). Compared to overstory species, little research has been conducted on the impacts of Mg or Ca leaching from forest soils on understory plants. Vigor and growth of A. saccharum (Sullivan et al. 2013b; Bishop et al. 2015) and cold tolerance of P. rubens (DeHayes et al. 1999) have been shown to be negatively associated with low soil exchangeable Ca, but we are not aware of any such research on forest understory plants. However, Ca is generally important in plant internal signaling and structures such as cell walls, membranes, and stomata (McLaughlin and Wimmer 1999) . Calcium deficiency can cause weaker plant responses to injury and infection, impaired growth, and inefficient gas exchange and water use (McLaughlin and Wimmer 1999) . Magnesium also plays an important role in plant ecophysiology; it is a key element in photosynthesis and it can counter Al toxicity on acidified soils (Chen and Ma 2013) . Magnesium deficiency can reduce photosynthesis, protein synthesis, root growth, and starch storage (Shaul 2002) , and it was identified as one of the potential mechanisms for well-documented declines of A. saccharum in the northeastern US (Horsley et al. 2000) . Nutritional stress in forest plants will likely be exacerbated by the effects of increasing pests, disease, and extreme weather events associated with changing climate (cf., Romero-Lankao et al. 2014 ), a combination that could further diminish forest plant diversity. N deposition has been associated with varying impacts on forest understory communities depending on site characteristics including climate, soil pH, and cumulative deposition load (Hurd et al. 1998; Bobbink et al. 2010; Simkin et al. 2016) . We found that species richness was related negatively to N (positively to C:N ratio -a proxy for plant-available N (Janssen 1996) ), but this relationship was weaker than the relationship between species richness and pH or base cations. Out of several investigations of N deposition impacts on forest understory plant communities in the eastern US (Hurd et al. 1998; Rainey et al. 1999; , few found links between N deposition and diversity and evenness (Gilliam et al. 2016) , or species richness (Simkin et al. 2016 ) as we did. There are several mechanisms by which nitrogen enrichment might impact understory plant richness. Nitrogen enrichment may decrease mycorrhizal associations, leaving plants vulnerable to pathogens and droughts, while increased foliar N may increase herbivory . High soil nitrogen may cause declines in species richness as communities become dominated by a few nitrophilic species Bobbink et al. 2010; Gilliam et al. 2016) . However, our results support the idea that N enrichment in closed canopy forests in the Adirondack region affects understory plant species richness less so than does soil acidification and base cation leaching (cf., Simkin et al. 2016) .
Conclusions
This study has linked historical patterns of N and S deposition and distinct regional gradients in soil acidity and base saturation in the Adirondack ecoregion to patterns of understory plant species composition and richness in hardwood forests. Forest understory plant community composition varied and richness decreased along a spatial gradient of decreasing pH and soil base saturation (Ca and Mg). Plant-available soil nitrogen was negatively related to species richness (positive relationship between C:N ratio and richness), although the linkage between soil N and N deposition was not clear and warrants further study. In contrast, there was little relation between plant understory communities and other variables such as light and moisture at the watershed level. The ongoing decline in acidic atmospheric deposition over time has resulted in little recovery of forest soils to date (Lawrence et al. 2015a ) and we documented probable biological legacies of soil acidification in terms of plant diversity loss and community change.
The spatial differences in plant community composition and diversity captured in our study should parallel the changes that a similar ecosystem would experience across time were its soils to acidify by a magnitude comparable to the acidity gradient captured in our study (cf., Table 5 ). Substitutions of spatial environmental gradients for environmental change over time (i.e., space for time substitution) are not perfect, but they can help us understand potential impacts of soil acidification where historical vegetation data are not available prior to the start of acidic deposition. However, such analyses require care since their validity can be undermined if the magnitude of the expected environmental change over time is much smaller than a studied spatial gradient (Blois et al. 2013 ). In our case, we think that our studied spatial gradient was a reasonable proxy for the magnitude of soil acidification documented for the region due to acidic deposition. Thus, soil acidification and associated declines in forest biodiversity have likely exacerbated widely documented declines in global biodiversity (Parmesan 2006; Bobbink et al. 2010) in regions with a history of intense acidic deposition. Since biodiversity can affect ecosystem functioning and stability (Dovciak and Halpern 2010; Cardinale et al. 2012) , the loss of plant diversity may lead to a decline of forest ecosystem functions and leave these systems vulnerable to other aspects of global environmental change (e.g., climate) in regions with acidified soils.
